ABSTRACT Effective electron selective layer (ESL) is critical for the power conversion efficiency in organometal halidebased perovskite solar cells (PSCs). In this work, a spincoating process has been developed to fabricate high quality nanocrystalline SnO2 film at 100°C without further sintering at higher temperature. When used as ESL in PSCs, such SnO2 film shows greater electron extraction ability and higher efficiency than TiO2 film processed under similar condition, as evidenced by the efficient time-resolved photoluminescence (TRPL) quenching SnO2/CH3NH3PbI3 film. As a result, the SnO2-based PSCs possess higher open circuit voltage of 0.91 V, short circuit current density of 20.73 mA cm -2 , and fill factor of 64.25%, corresponding to a conversion efficiency of 12.10%, compared with 7.16% of TiO2-based PSCs. This demonstrates the great potential of applying spin-coating sintering-free process for the low-cost and large-scale manufacturing of PSCs.
INTRODUCTION
Recent progress in perovskite solar cells (PSCs) has attracted great attention due to the rapid improvement of their power conversion efficiency (PCE) from initial 3.8% in 2009 to certified 22.1% in 2016 [1] [2] [3] [4] [5] [6] [7] [8] [9] . Selective extraction of photo-generated electrons and holes that inhibits charge recombination is necessary for achieving high efficiency in PSCs [10] , and the exploration of the effective electron selective layer (ESL) remains a challenging scientific issue. While many semiconductors are feasible as ESL materials for PSCs, the majority of the studies focus on TiO2 and ZnO [11] [12] [13] [14] [15] [16] [17] [18] . Compared with TiO2 and ZnO, SnO2 not only has much higher electron mobility but also a wider band gap [19] [20] [21] [22] , and thus has a smaller ESL-induced current absorption loss, and is more stable under UV illumination [23] [24] [25] . Moreover, it has been reported that improved hysteretic behaviour and high efficiencies can be achieved using SnO2 nanocrystals in planar PSCs [22, 26, 27] . In such configuration, the relative energy levels of the solar cell components are shown in Fig. 1 . Free charge carriers are generated in the CH3NH3PbI3 layer with direct band gap and high carrier mobility, which are then extracted by the SnO2 ESL and the spiro-OMeTAD hole transport materials (HTM), respectively. Given the highly selective properties of both SnO2 ESL and spiro-OMeTAD HTM, high efficient devices with improved fill factors are expected.
Generally, materials processed at higher temperatures will exhibit higher charge carrier mobility due to better crystallinity, and thus in order to achieve high device performance, the solution-processed compact SnO2 ESL normally requires a high temperature sintering procedure at 450°C [28] . In previous studies, attempts have been made to decrease the processing temperature of SnO2 to 180°C on the fluorine doped tin oxide (FTO) glass [2, 29] , and to 150°C for SnO2 nanocrystalline film with particle size of 22-43 nm [30] . Liu et al. [31] reported an even lower processing temperature of 140°C to achieve an effective electron selection and a high PCE greater than 15%. Nevertheless, for the facile fabrication of the low-cost and large-scale planar perovskite solar cells, it is desirable to develop a compact SnO2 film with good crystallinity and small particle size under even lower-temperature annealing.
In this work, the highly crystalline homogeneous SnO2 film was fabricated using a spin-coating and sintering-free method with film processing temperature at only 100°C. The SnO2 film displays complete surface coverage, uniform nanocrystals size of 2-5 nm and great electron extraction ability, as evidenced by the efficient time-resolved photoluminescence (TRPL) quenching of SnO2/CH3NH3PbI3 film. Furthermore, a conversion efficiency of 12.10% is achieved in PSCs based on SnO2 ESL processed as such, much higher than 7.16% of PSCs based on TiO2 ESL processed in a similar manner.
EXPERIMENTAL

Raw materials
PbI2 (99.99%) and N,N-dimethylformide (DMF) were purchased from Sigma-Aldrich and Alfa Aesar, respectively. CH3NH3I (>99.0%) was purchased from Xi'an Polymer Light Technology Co. 2,2ʹ,7,7ʹ-tetrakis-(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD) (≥99.0%) was purchased from Shenzhen Feiming Science and Technology Co., Ltd. FTO glass with a sheet resistance of 14 ohm/square was purchased from Pilkington Glass. Pluronic F127 was purchased from Sigma-Aldrich, Inc. The purity of silver wire, purchased from Nanchang Guocai Technology Co., is 99.99%. All other materials were purchased from J&K Scientific Ltd. All of the used reagents were analytical grade.
Preparation of SnO2 nanocrystals
Firstly, 0.1 mol L -1 SnCl4 was dissolved into 100 mL ethanol, and then 100 mL NaOH solution (1 mol L -1 ) was dropped to the above solution. After stirring for 15 min, a white milky solution was obtained. Secondly, the white colloidal deposition was centrifuged and washed with ethanol twice, and dried at 80°C for 10 h in vacuum, and then calcined at 400°C for 1 h to obtain a snow white SnO2 powder.
Spin-coating of SnO2 ESL films
The prepared SnO2 nanocrystals were spin-coated on the transparent and conductive FTO substrate as following. Firstly, FTO-coated glass substrates were cleaned by ultrasonication in an alkaline, aqueous washing solution, and rinsed with deionized water, ethanol, acetone and 2-propanol, respectively. Then the SnO2 nanoparticles were dispersed in ethanol at a concentration of 5 mg mL -1 and stirred for 24 h before use. Finally, the solution was filtered with a 0.45 µm filter and spin-coated on FTO substrates at 3000 rpm for 30 s to form a SnO2 layer, followed by short drying at 100°C for 10 min, without further calcination or sintering.
Fabrication of TiO2 nanocrystals and ESL films
For comparison, ESL made of TiO2 nanoparticles was also prepared. TiO2 nanoparticles were fabricated first as following [32] . Pluronic F127 (2.97 g) was dissolved in 36.88 g ethanol at 40°C for 30 min to form a clear solution, after which 3.4 g TiCl4 was added to the solution. The precursor solution was then poured into a Teflon-lined stainless steel autoclave and stirred for 8 h under 40°C. The autoclave was heated in an oven at 160°C for 16 h. Subsequently, the products in autoclave were filtered, washed and dried at 80°C. The powders were then calcined at 610°C for 10 min after being kept at 300°C for 1.5 h and 500°C for 4 h. During the whole process, the heating rate was kept at 2°C min -1 . After sintering, the products were dispersed using deionized water and nitric acid (65%) until the pH of the solution reached about 2. Then the mixture solution was vigorously stirred at 80°C for 8 h to obtain TiO2 nanoparticles, which were subsequently dispersed in ethanol at 5 mg mL -1 and stirred for 24 h before use. Finally, the suspension solution was filtered with a 0.45 μm filter and spin-coated on FTO substrates at 3000 rpm for 30 s to form a TiO2 layer, followed by short drying at 100°C for 10 min, without sintering at high temperature.
Fabrication of perovskite solar cells
The CH3NH3PbI3 layer was grown on ESL using a two-step solution process. To ensure the selective collection of electrons at the FTO electrodes, the perovskite layer was deposited on the n-type compact SnO2 or TiO2 ESL, followed by deposition of spiro-OMeTAD as the p-type hole conducting layer. Finally the Ag layer was evaporated.
The procedure for preparation of CH3NH3PbI3 film on ESL was as follows: PbI2 was dissolved in DMF at a concentration of 462 mg mL -1 (~1 mol L -1 ) under mild stirring speed of 200 rpm at 70°C. The solution was kept at 70°C during the whole procedure. The PbI2 film was spincoated onto ESL at 4500 rpm for 30 s and dried. The films were then dipped in a solution of CH3NH3I in 2-propanol (10 mg mL -1 ) for 10 min, rinsed with 2-propanol and dried at 70°C for 30 min.
The HTM was then deposited by spin coating at 4000 rpm for 30 s. The spin-coating formulation was prepared by dissolving 72.3 mg spiro-OMeTAD, 28.8 μL 4-tert-butylpyridine, 17.5 μL of a stock solution of 520 mg mL -1 lithium bis(trifluoromethylsulphonyl) imide in acetonitrile in 1 mL chlorobenzene. In the fabrication, the perovskite film and HTM were prepared in a glove box. Finally, 150 nm Ag was thermally evaporated onto the HTM layer in vacuum to act as the cathode. The cell area is 0.09 cm 2 . While moving, the samples were placed in special boxes filled with nitrogen, and the device was stored in cabinet with flowing N2 gas. Characterization X-ray diffraction (XRD) patterns were obtained using D8 advance diffractometer with Cu Kα radiation (40 kV and 40 mA) and the scanning rate of 4°min -1 over the Bragg angle range of 10°-80°. Scanning electron microscopy (SEM) analysis was performed on a Hitachi-S-4800 electron microscope.
Transmission electron microscopy (TEM) images were acquired with JEOL 200CX at 200 kV. X-ray photoelectron spectroscopy (XPS) was conducted using an ESCALAB250 spectrometer equipped with a monochromatized Al Kα source. The charge effect was calibrated using the binding energy of C 1s (284.6 eV) to reduce its effect. Atomic-force microscopy (AFM) images were recorded using asylum research MFP-3D in the AC mode under ambient conditions. Additionally, the thicknesses of the thin films were estimated using AFM step analysis. Ultraviolet-visible (UV-vis) transmittance was recorded with a Shimadzu UV-2550 (300-600 nm: xenon lamp, 300 W; 600-900 nm: tungsten-halogen lamp, 150 W), and TRPL spectra was measured by Fls-800 spectrometers. The photocurrent-voltage (J-V) characteristics of the solar cells were measured using a Keithley 2400 source under illumination of a simulated sunlight (AM1.5, 100 mW cm -2 ) provided by a Newport 69907 solar simulator with an AM 1.5 filter. Light intensity was adjusted with an NREL-calibrated Si solar cell using a KG-2 filter for approximating 1 sun light intensity. While measuring the current and voltage, the cell was covered by a black mask with an aperture that was close to the active device area. The incident photon-to-current efficiency (IPCE) was measured in DC mode with a 1/4 m double monochromator (Crowntech DK242), a multi-meter (Keithley 2000), and two light sources depending on the wavelength range required (300-600 nm xenon lamp, 300 W; 600-900 nm: tungsten-halogen lamp, 150 W). The monochromatic light intensity for IPCE spectra efficiency was calibrated using a reference silicon photodiode. All the measurements of the solar cells were performed under ambient atmosphere at room temperature without encapsulation.
The optimization of the perovskite solar cell device architecture can be simply illustrated by model calculation of the so-called IPCE. This quantity provides the number of electrons generated in a solar cell per one incident photon with the Equation (1) i hc Pe IPCE ,
where iph is the photocurrent density, h is Planck's constant, λ is the photon wavelength, c is the velocity of light, P is the incident light power density, and e is the electron charge. The short circuit photocurrent density for perovskite solar cell illuminated by solar light, Jsc, is given by the sum Equation (2) of individual contributions from IPCEs, integrated over the whole solar spectrum
where Psun(λ) is the solar power density at the wavelength λ. A is the area of perovskite solar cell.
RESULTS AND DISCUSSION
The well-defined and uniform size of SnO2 nanoparticles, with an average diameter of 2-5 nm are revealed by the high-resolution TEM (HR-TEM) in Fig. 2a and Fig. S1a . The Laue electron diffraction patterns in Fig. 2a and Fig.  S1b show the polycrystalline nature of SnO2 film and the well-ordered SnO2 crystals, as judged from dominant (110) and (101) facets. The XRD pattern of the SnO2 nanocrystals is given in Fig. 2b . Each diffraction line is assigned to the tetragonal rutile crystalline phase of SnO2 [33] . 2b , which are consistent with the selective area electron diffraction (SAED) image of SnO2 nanocrystals in Fig. 2a .
The average crystallite size of 3.5 nm is calculated from XRD patterns using the Scherrer formula, in accordance with the result from TEM image [34] . In order to further characterize the composition of SnO2 films and the atomic valence states of SnO2, especially of Sn, core level XPS spectrum of Sn 3d is shown in Fig. 2c , and the full XPS spectrum survey is given in Fig. S2a , showing the presence of O and Sn. The binding energies of 487 and 495 eV in Fig. 2c correspond to the Sn 3d5/2 and Sn 3d3/2 peaks, respectively, confirming the formation of pure SnO2 with the appearance of Sn 4+ peaks [22, 29] . The main binding energy of 531 eV in Fig. S2b is attributed to the O 1s, which is the O 2-state in SnO2. Fig. S2c shows that there is no residual Cl observed in SnO2 films. From the TEM, XRD and XPS data, we can see that the SnO2 nanocrystals with uniform nanoparticle size and well-defined crystallinity have been fabricated successfully, ideal for the compact SnO2 ESL in PSCs.
To investigate the surface morphology of SnO2 film, SEM and AFM images are shown in Fig. 3 . The surface morphology of SnO2 films as observed from the SEM in Fig. 3a and AFM micrograph in Fig. 3b and Fig. S3 show that the grains are uniformly distributed within the scanning area, and the film is smooth with a root mean square (RMS) surface roughness of~14.9 nm in an area of 2 μm × 2 μm, smaller than 25.76 nm reported in high-temperature processed films with large particle size [35] . This surface char- acteristic is important for SnO2's applications as ESL. Crosssectional AFM probing was used to measure the thickness of the film, as shown in Fig. S4 , which is estimated to be around 10 nm for SnO2 on FTO substrate [36] . To better illustrate the device structure, SEM images of CH3NH3PbI3 perovskite films on SnO2 and TiO2 film are shown in Fig.  3c and Fig. S5 , and a color-enhanced cross-sectional SEM image is presented in Fig. 3d . The SnO2 films are fully compatible with the growth of CH3NH3PbI3 perovskite absorbers, and the CH3NH3PbI3 perovskite films have covered the SnO2 and TiO2 film completely with good uniformity.
TiO2 films deposited on the FTO substrates exhibit similar morphologies as SnO2, as shown in Fig. S6 , suggesting that our low-temperature spin-coating process is ideal for fabrication of thin ESL with full surface coverage, nanoscale particle size, and uniform crystalline structure in PSCs. Fig. 4 shows the current-voltage characteristics (J-V) measured under simulated solar AM1.5G irradiation (100 mW cm -2 ) and in dark for PSCs comprised of FTO/ESL/CH3NH3PbI3/Spiro-OMETAD/Ag. Typical J-V curves under reverse and forward scan directions for SnO2-based device are shown in Fig. 4a , in which a small -2 ). The PSCs with SnO2 ESL exhibit a high Voc, Jsc and FF largely due to the effective charge dissociation between CH3NH3PbI3 and SnO2, followed by fast electrons transport through SnO2 to the FTO. As a result, the charge recombination in the SnO2-based PSCs could be suppressed much more effectively compared with the TiO2-based PSCs, leading to a rather lower back current density in SnO2-based PSCs, as exhibited by the dark J-V characteristics in Fig. 4b [39] . Apparently, all the dark current-voltage characteristics display very similar trends, and the saturation current density of the SnO2-based device is lower than that of the TiO2-based cell, thereby resulting in a larger Voc [39, 40] . The stability of the perovskite devices with SnO2 as the ESL was tested without encapsulation in air at room temperature (Fig. S7) . After 45,000 s (12.5 h), the PCE, Jsc and Voc of SnO2-based solar cell devices were stabilized at about 10%, 18 mA cm -2 and 0.9 V, compared with 6%, 17 mA cm -2 and 0.7 V of TiO2-based solar cell devices, respectively.
To verify that SnO2 and TiO2 are effective quenching materials for electrons, the steady-state photoluminescence (PL) spectra of perovskite films with these quenchers in the middle of FTO and perovskite layer were measured. As shown in Fig. 5a , compared with the perovskite on glass, the PL peak decrease for both SnO2 and TiO2, whereas the SnO2 shows much better quenching efficiency. Electrons or holes are dissociated at the interfaces between CH3NH3PbI3 perovskite and the SnO2 or TiO2 quencher, which are then transferred to the quencher and can no longer contribute to PL. In order to extract quantitative analysis on the yield of light induced charge carrier separation, we performed the TRPL measurements in Fig. 5b . Excitons emerged by light excitation of perovskite were extracted into free charge carriers within 1 ps [41] . The hole-carrier through thin SnO2 and TiO2 nanocrystals layer was measured by the PL decay. The PL decay at the interface of CH3NH3PbI3 perovskite and SnO2 films displays an average time constant of τe=(5.1±0.4) ns, whereas for the TiO2, τe is (5.5±0.4) ns, both of which are shorter than the perovskite layer on glass (78±0.5) ns, indicating that charge carriers within the CH3NH3PbI3 perovskite layer can be dissociated effectively by these inorganic oxides [42] . The shorter exciton (electron hole pair) lifetime observed with SnO2 ESL suggests a faster charge-transfer kinetics, and it is an indicator of lower defect concentration and good crystalline quality [9, 22, 43] . The efficient carrier dissociation in SnO2-based solar cells results from the high carrier mobility or lower conduction band level of SnO2 electron selective layer. This advantage can be regarded as a factor that results in +1.37 mA cm -2 higher Jsc of SnO2 than that of TiO2-based solar cell device. Fig. 5c, d show the UV-vis transmission spectra and IPCE for the SnO2 and TiO2 ESL, respectively. Generally, the trends of the IPCE spectra of the CH3NH3PbI3 devices in Fig. 5d agree with that of the UV-vis transmission spectrum in Fig. 5c : the shapes of the IPCE spectrum match excellently with that of the UV-vis transmission spectrum, and the IPCE is enlarged upon improving the light transmission intensity. The onset of the UV-vis transmittance at 340 nm for SnO2 corresponds to the band gap of 3.64 eV. For TiO2 nanoparticles, the UV-vis absorption band at 370 nm corresponds to the band gap 3.2 eV. The IPCE spectrum with SnO2 ESL shows a broad peak value of about 90%, while TiO2 as the ESL displays a broad peak value below 80% in the range from 400 to 780 nm. The photocurrents of 21.0 mA cm -2 integrated from area of the SnO2-based IPCE spectra is consistent with the Jsc values gained from the J-V. The onset of IPCE photocurrent is at~780 nm, consistent with the reported band gap [6, 44] . The ultrathin SnO2 ESL can put~80% light through, and this potentially increases the amount of light absorption in perovskite layer above SnO2 ESL. The simple planar structure and the production of such high-performance cells with low-temperature spin-coating of ESL confirm the good potential of SnO2 in photovoltaic applications [29, 45, 46] .
CONCLUSIONS
The well-crystallized SnO2 ESL is successfully spin-coated on FTO glass at 100°C without further high-temperature sintering process. The low-temperature spin-coated SnO2 film displays uniform particle size of 2-5 nm, ultrathin thickness of 10 nm, complete surface coverage and fast charge-transfer kinetics of 5.1 ns, and the resulting efficiency of 12.10% is notable compared with 7.16% in TiO2 based PSCs. The stabilized efficiency of SnO2-based PSCs is ascribed to the crystallized compact/thin SnO2 ESL suppressing the electron recombination. We believe that this sintering-free nanocrystalline SnO2 ESL film will find applications in large-scale and low-cost PSCs.
